A general method of imaging organic and biological surfaces based on the photoelectric effect is reported. For the experiments, a photoelectron emission microscope was constructed. It is an ultrahigh vacuum instrument using electrostatic electron lenses, microchannel plate image intensifier, cold stage, hydrogen excitation source9 and magnesium fluoride optics. The organic surfaces examined were grid patterns of acridine orange, fluorescein, and benzo(a)pyrene on a Butvar surface. A biological sample, sectioned rat epididymis, was also imaged by the new photoelectron microscope. Good contrast was obtained in these initial low magnification experiments. These data demonstrate the feasibility of mapping biological surfaces according to differences in ionization potentials of exposed molecules. A number of technical difficulties, such as the intensity of the excitation source, must be solved before high resolution experiments are practical. However, it is probable that this approach can be useful, even at low magnifications, in determination of the properties of organic and biological surfaces.
Spectroscopic labeling techniques are becoming increasingly useful in studies of membranes and other biological surfaces. Labeling or tagging with organic dye molecules has long been recognized as a useful approach (1) . The techniques are, of course, becoming more refined and the useful region of the electromagnetic spectrum has been greatly extended. The common techniques now include fluorescence (2, 3) , optical absorption (3), electron spin resonance (3, 4) , and nuclear magnetic resonance spectroscopy (3, 5) . All of these techniques can yield information regarding molecular motion and orientation of molecules, and the polarity of specific binding sites. However, these spectroscopic methods do not determine the positions of the labels or distinguish between surface and bulk properties of the specimen. This is especially troublesome when dealing with biological surfaces (e.g., cell surfaces, nerve endings, and membranes of organelles). Understanding mechanisms of drug action, cell adhesion, membrane structure, immunological responses, and loss of contact inhibition in malignant cells require a knowledge of the relative positions, environments, and population densities of binding sites on the surface. It is clear that new microscopic techniques are needed that can be combined with existing spectroscopic methods in studies of biological surfaces. It was to develop new microscopic techniques that we began several years ago to examine the photoelectric effect of organic and biological surfaces.
A typical experiment is depicted in Fig. 1 . The specimen is placed in a vacuum chamber and is then subjected to ultraviolet light. If the energy of the light source (ha) is sufficiently high, the sample surface can emit electrons (photoionize) as well as fluoresce. This intrinsic photoionization depends on the ionization potentials of various functional groups on or very near the surface. The process for individual molecules is described by the Einstein equation, hv = I,, + En, where I,, is the nth molecular ionization potential and En is the excess kinetic energy of the ejected electron (small corrections for solid effects have been omitted). In Fig. 1A , for example, the energy of the incident light is slightly greater than the lowest ionization potential of molecule X but is not of sufficient energy to photoionize Y or Z. The photoelectrons will originate from molecules of type X and, if the electrons are accelerated and imaged on a phosphor screen, a measure of the distribution of these molecules will be obtained. Furthermore, if intrinsic photoionization is weak or if more information is desired, it should be possible to bind photoionization labels (P) to specific sites and produce extrinsic photoionization (see Fig. 1B ). We refer to images formed by intrinsic or extrinsic photoionization from organic molecules as photoelectron microscopy. Photoelectron microscopy is a different technique from conventional transmission electron microscopy or scanning electron microscopy. In conventional or scanning electron microscopy a beam of electrons is first accelerated and then passed through (or scattered from) the fixed, stained, or metal-coated sample. In photoelectron microscopy, however, the biological surface itself emits the electrons under the action of ultraviolet light. This approach bears a close relationship to fluorescence microscopy performed with incident ultraviolet light. One major difference is that electrons are emitted instead of photons, and resolution limitations are related to the wavelength of the electrons and not to the wavelength of visible light. A second important difference is that the properties of the surface are distinguished from those of the bulk specimen. Thus, photoelectron microscopy can be viewed as a logical extension of fluorescence microscopy to the study of biological surfaces with electron optics.
The imaging of electrons produced by the action of ultraviolet light is not new. It is a type of emission microscopy and, together with thermionic emission, represents one of the 561 Abbreviation: PEM, photoelectron microscope.
FIG. 1 . The photoionization of electrons from a hypothetical biological surface. The top diagram illustrates intrinsic photoionization from certain functional groups (X) on the biological surface. In the bottom diagram, the site Z has been labeled with a photoionizing probe P and the energy of the incident light has been adjusted from hp to hv'. After labeling, photoelectrons originate predominately from sites Z-P (extrinsic photoionization).
earliest developments in electron microscopy. In 1932, Bruche and Johannson (6) and Knoll et al. (7) described images produced by thermionic emission from a hot cathode. Shortly thereafter, Bruche (8) and Mahl and Pohl (9) constructed instruments to image photoelectrons. The early applications included forming images of hot tungsten filaments, barium and strontium oxide-coated cathodes, and examining the structure of metallic surfaces (7) (8) (9) (10) . Emission microscopy has developed slowly but it is still a relatively obscure and specialized technique when compared to conventional transmission electron microscopy or scanning electron microscopy. Recently, M6llenstedt, Lenz, and Wegmann and others (11) have made noteworthy contributions to the development of emission microscopes and have reported a number of interesting applications in metallurgy and related fields.
Also relevant to our work are measurements of photoionization yields and kinetic energy (En) distributions of the photoelectrons. The experimental apparatus usually consists of a monochromatic light source, a vacuum chamber containing the solid or gaseous sample and, more recently, an electron energy analyzer. Organic solid surfaces have been studied primarily by investigators interested in applying the theories and techniques of solid state physics to crystalline organic semiconductors (12) . A few photoelectric yield measurements have also been made on biomolecules (13) . However, the majority of recent work involves an energy analyzer and is called photoelectron spectroscopy (PES or UPS) (14) or electron spectroscopy for chemical analysis (ESCA or XPS) (15) , depending on whether an ultraviolet lamp or x-ray source is used. Photoelectron spectroscopy provides information on the valence shell electronic structure of molecules in the gas phase, whereas electron spectroscopy for chemical analysis provides information also on the ionized inner core electrons and is most often used in studies of solid surfaces.
Of these two techniques, photoelectron spectroscopy is much more closely related to the experiments depicted in Fig. 1 . The success of photoelectron microscopy will depend, in part, on the wealth of ionization potential and angular distribution data provided in the elegant studies by photoelectron spectroscopy of organic compounds by Turner and others (14) .
In this paper, we report the completion of the first steps of our program to map organic and biological surfaces by the photoelectric effect. A photoelectron microscope designed for imaging organic and biological samples has been constructed. The initial data are presented below along with a discussion of the feasibility and limitations of this approach. Acridine orange was selected because it is widely used in fluorescence microscopy (e.g., binding to DNA-or RNA-rich regions) (18) . Fluorescein is frequently conjugated to antibody proteins in fluorescent immunochemical investigations (2) . The third molecule chosen (III) is a chemical carcinogen of current interest (19) .
Thin parallel strips 20 X 215,um were prepared by subliming each compound through a 100 X 400 mesh copper grid onto the Butvar-coated sample support. Immediately after switching on the hydrogen lamp, grid patterns appeared on the phosphor screen. Typical micrographs are given in Fig.  3 . These patterns disappeared as soon as the lamp was turned off or when a small magnet was placed next to the microscope column. This establishes the fact that the grid patterns are formed by electrons emitted by the organic sample, under the action of ultraviolet light. It is clear from micrographs a, b, and c of Fig. 3 that the photoelectron current and contrast from organic samples are quite adequate for these initial, low magnification experiments. For comparison, Fig. 3d is the image of a sample prepared by evaporation of magnesium fluoride through a 100 X 400 mesh grid onto a gold surface. Note that the contrast is reversed. The photoelectrons originate predominately from the gold surface and not from the strips of magnesium fluoride. Fig. 3d provides two Fig. 3 were stable, and no changes in contrast were observed over a period of several hours.
A Biological Sample: Rat Epididymis. Rat epididymis was chosen as an initial biological sample because the well-characterized morphology can be examined at low magnifications. Thin sections of fixed epididymis from a mature rat were placed in the PEM and cooled to 80-100'K to minimize photochemical damage. Immediately after starting the hydrogen lamp, an image appeared on the phosphor screen. The image disappeared when the lamp was switched off. These images were deflected by the presence of magnetic or electrostatic fields, and there is no doubt that they were produced by electrons ejected from the specimen or the Butvar-coated sample rod. Typical images are shown in Fig. 4 . Some variation in intensity with time was noted and may be caused by sample charging. The photoelectron micrographs of Fig. 4 represent preliminary work and no detailed study of contrast as a function of sample preparation or lamp excitation spectrum has been attempted. Certain features do, however, appear to be present in all images photographed thus far. The cross sections of the tubules are easily recognized by their regular circular outlines (see Fig. 4 ). In Fig. 4b there appears to be some fine detail in the epithelial and connective tissue regions. The ducts are filled with masses of spermatozoa, as confirmed by photographs of the same sample viewed with reflected light microscopy. In the PEM, these sperm masses show up as bright areas. Contrast is remarkably good considering that the samples are unstained. The contrast is almost certainly caused by differences in ionization potentials of various regions of the specimen. This, then, is an example of intrinsic photoionization from a biological specimen. We cannot at this point exclude the possibility that variations in sample thickness or density contribute to image contrast, or that some photoelectrons may originate from the Butvar-coated sample rod. However, these secondary effects could hardly account for the basic morphological features observed in the photoelectron micrographs of Fig. 4 .
Theoretical Resolution Limits. The final resolution obtainable in the photoelectron microscope will depend on a number of factors that can be divided into two categories; instrumental characteristics and sample characteristics. The first category includes properties of the accelerating field and the lenses that affect the imaging of the electron radiation, i.e., spherical aberration, chromatic aberration, astigmatism, and alignment of optical components. The second category involves such considerations as the distribution of velocities and directions of the emitted electrons, and the resolution inherent in the beam of photoemitted electrons as affected by the wavelengths of the electrons as they leave the emitting surface. To some extent, these two categories are related; one must consider the spread in electron trajectories, for instance, in calculating resolution limitations due to spherical aberration.
We have performed calculations on these various resolution factors but space limitations permit only a brief mention of the salient points. Detailed calculations will be published later [see also Grivet (16) ]. The most important errors arise from the spherical aberration of the accelerating field (ra), the diffraction limitation due to the wave nature of the electron (rd), and the spherical error of the objective lens (ri), where the r values denote the corresponding radii of circles of least confusion. For example, ra = (0.6a) (sin aom) (1 -cos aom)(eo/eV) where a is the cathode-anode separation, aom is the angular aperture of emission, eo is the energy of the emitted electrons, e is the charge of an electron, and V is the accelerating voltage. The combined effect of the errors gives an overall resolution limit r = (r21 + r2a + r2d)/2 For the high magnification three lens system of Fig. 2 , a = 3 mm, V = 3 X 104 volts, f = 7 mm, and Cg = 20, where f is the focal length of the objective lens and C, is a dimensionless aberration coefficient of the objective lens that enters into the calculation of ri. In Table 1 , the values of eo that minimize r for this system are given along with the resulting resolution limits for several values of the limiting angle of emission. 
